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Revegetation on mine sites and mine wastes in Western Australia commonly has to  deal 
with  salt-affected  substrates  (the  generic  term  substrate  includes  soils,  saprolite, 
overburden and residues, all of which can be media for plant growth on mine sites) for 
plant growth.  However,  the  origin of the salt is  varied:  so  too  are the  treatments  to 
ameliorate the salt-affected substrates for successful revegetation. 
Salts occur in high concentrations in the wastes from bauxite and gold mining in Western 
Australia. These mining operations exploit silicate based ores and rely on the chemical 
extraction of finely ground ore with sodium hydroxide followed in the case of gold ores 
with sodium cyanide treatment. Thus the process waters which are continually recycled, 
contain high sodium concentrations and the residue is salt-affected. 
In addition, in a number of the operations, saline groundwater (e.g. Kaltails operation in 
the  eastern Goldfields)  or run-off water  (e.g.  gold  mining  operations in the  eastern 
Darling Range) is used in the processing, adding further salt to the process cycle. 
Apart from  the  introduction of salts  into  the  process  waters,  many  of the  topsoils, 
subsoils,  overburdens,  saprolite  substrates  and  waste  materials  present at  mine  sites 
contain sodium salts since nearly one-third of  Australian soils are salt-affected (Northcote 
and Skene 1968). Thus salt constraints will need to be considered in many areas by those 
attempting revegetation after mining. 
Salt-affected substrates may suffer from one or more of  three conditions: salinity, sodicity 
and alkalinity.  Each has  its  own  special  constraints  and particular requirements  for 
management or alleviation. In this paper, we will consider each type of salt-affected land 
and the role of gypsum, calcium sulphate, in its amelioration with particular reference to 
mine wastes. 
Chemical properties of sodium and calcium 
Sodium and calcium are two abundant cations in soils but their effects on soil conditions 
and on plant growth are very different. The contrasting behaviours of Na and Ca in soils 
and plants can be predicted from their basic chemical properties. 
Bouwer (1978) argued that the sodium ion has a high surface charge density which causes 
it to  be  strongly hydrated:  by contrast,  calcium is  only  weakly  hydrated  so  that its 
effective ionic  size is  smaller in  aqueous solutions than for  the  hydrated sodium ion. 
Sodium is  a  small  atom which  readily ionises to  the  monovalent Na+.  By contrast, 
calcium has  a higher atomic number (20  vs  11) but when it  ionises it forms  a divalent 
cation.  The  strongly hydrated sodium ions  in solution lower the  free  energy of water 140  Decline of Soil Physical Properties 
molecules, and depress the flocculation of soil colloids compared to calcium. This makes 
Na dominated clays less permeable to water than Ca-clays. However, the calcium ion is 
only marginally larger than sodium ion (95 vs 98  Angstrom) and this does not seem to 
account for differences in surface charge density of the magnitude suggested by Bouwer 
(1978). 
Soil colloids  generate surface charge,  some of which is permanent charge and  some 
variable. Permanent charge is a result of isomorphous substitution (e.g. Ae+ for  Si4+)  in 
the lattice structure of layer silicate clays like kaolin and illite. Variable charge develops 
on the broken edges of silicate clays and on the  surface of iron and aluminium oxide 
clays. Their surface charge varies with soil pH and ionic strength of the soil solution. In 
___________  lllost _soils,  especially those with_alkaline pH, negative. surface charge dominates hence 
the soil colloids adsorb cations on their surfaces to form an electrical double layer. While 
the negative charges are confined to the clay surface, the positive ions are clustered near 
the surface in a diffuse layer. The diffusion is inversely proportional to the valency of the 
cation hence Na+ ions are more diffused than Ca2+.  When sodium is  dominant in the soil 
solution,  it is adsorbed onto the  surfaces of the  colloids forming  a  thickly  diffused 
neutralising layer but the strength of the electrostatic attraction to the negatively charged 
surface is weak. By contrast, in the calcium dominated soil solution, the calcium ion 
adsorbed to surface are more strongly attracted because of their divalent nature and it 
forms  a  compressed  layer.  The  greater  strength  of Ca  adsorption  and  the  more 
compressed electrical double  layer results  in stronger flocculation of clays  in  a  Ca 
saturated soil system compared to Na which causes dispersion among the clay colloids. 
This makes the Ca dominated clays more permeable to water and is beneficial for a range 
of  soil properties as outlined below. 
The same properties of Ca2+ appear to be important in determining its function in plants. 
Calcium with its small ionic radius and divalent charge is important in the binding of cell 
wall material and in maintaining cell membrane integrity. 
Salinity 
Salinity is characterised by high levels of soluble salts, which in Australia usually means 
NaCl. Salinity is damaging to plants in several ways. Firstly, the ions in the soil solution 
decrease the free energy of soil water making it more difficult for soil water to enter the 
plant root. On saline soils, plants may wilt from water stress. The high Na concentration 
in the soil solution tends to destabilise cell membranes by displacing Ca. The destabilised 
-------1m membranesare-less- effective inex-eluding Na se-that it is more-likely -toawUIDulate 
excess toxic Na and CI  ions  in leaves. Recent research has shown that on saline soils, 
increasing Ca levels  in the  soil solution may increase plant tolerance to  salinity by 
protecting root membranes and increasing the exclusion ofNa (Cramer et al.  1985). 
Sodicity 
Much less is known about sodicity than salinity or alkalinity. Recently, sodicity has been 
thoroughly reviewed and the interested reader is referred to volume 31  of the Australian 
Journal of Soil Research for a comprehensive treatment of the subject. Our review draws 
heavily on some of  those papers particularly that by Summers (1993). 
Sodicity has been defmed in a variety of  ways in the past starting with US definition of  an 
exchangeable sodium percentage (ESP)  >  15.  (Anon  1965).  Later,  in Australia,  the 
critical ESP  was revised down to  6  (Northcote  and Skene  1972).  Exchangeable Na 
percentage is defmed as follows (Sumner 1993): 
ESP = (100* Exchangeable Na)/ Cation Exchange Capacity Decline of Soil Physical Properties  141 
Sodium absorption ratio (SAR) has also been used to measure sodicity particularly when 
dealing with irrigation water or soil solutions. It is defined as (Sumner 1993): 
SAR = [Na+]I([Ca2+ + Mg2+]I2)O.5 
where [] refers to the concentrations in mmol L-1• 
The ESP of a soil can be estimated from the SAR but the relationship may vary from soil 
to soil (Rengasamy et al.  1984). 
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Scheme proposed by Rengasamy for classifying soils based on the 
relationship between SAR and TEC (Sumner, 1993). 
However, it is  now recognised that neither definition is adequate  since the behaviours 
associated with sodicity are  observed at a range of ESP values depending on the total 
electrolyre concentratiml-fI'OC)-o£~-SGil-wlutWn-{TEC can-be--estimated from the ECe-. _ ........  -
of a soil). Summer (1993) defines sodicity as soil conditions "where physical behaviour is 
affected by the presence of exchangeable Na,  irrespective of the amount present". Thus 
we  are  now  coming  to  a definition based  on the  consequences  of sodicity.  Broadly 
sodicity is  a concern because it  leads to  increased swelling, clay dispersion,  crusting, 
erosion,  non-capillary  pore  space  and  hardsetting,  and  to  decreased  hydraulic 
conductivity and plant available soil water, . 
In Na dominated clays, the  thick diffuse double  layer that forms  at the surface of the 
colloids is the cause of the variety of soil physical properties associated with sodic soils. 
Increasing the TEC in the soil solution will decrease clay dispersion due to adsorbed Na+ 
by compressing the diffuse double layer.  Thus the critical exchangeable Na percentage 
for  sodic soils is not a fixed  value but rather varies with the  TEe. Rengasamy et al. 
(1984) proposed a  scheme  for predicting the  physical behaviour of soils based on a 
classification of their TEC and SAR (Fig.  1). Class 1 soils disperse spontaneously: Class 
3 soils by contrast are well flocculated. Class 2 soils can disperse with the application of 
mechanical energy (e.g. cultivation or rain drops). Class 2 soils are those whose sodicity 
can be ameliorated by decreasing SAR provided the treatment does not decrease TEC. By 
contrast,  leaching  of Class  2  soils  with  water with  low TEC  may  induce  increased 
dispersion. 142 
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From the classification of  Rengasamy et al.  (1984) it should be obvious that decreases in 
SAR at a constant TEC will increase flocculation: similarly increasing TEC at a constant 
SAR can increase flocculation. This suggests a number of practical management practices 
to  decrease dispersion. Leaching of sodium will decrease SAR, but if done with water 
with low TEC, dispersion may increase. The other option of leaching Na with water at 
high TEC may not be acceptable or easy to  arrange unless a calcium salt like gypsum is 
used as the electrolyte. Calcium salts achieve the double benefit of maintaining TEC of 
the leaching solution and compressing the diffuse double layer by replacing Na+  in the 
diffuse double layer with Ca2+. 
Alkalinity is  associated with carbonate and bicarbonate salts of sodium, magnesium or 
calcium which raise soil pH above 8.0 or above 9.5  in the case of severely alkaline soils. 
Many alkaline soils in Australia are also sodic since sodium carbonate is the main alkali 
salt:  they may  also be saline  at the  same  time.  Mine wastes from  bauxite and gold 
extraction  are  severely  alkaline  with  pH's  up  to  12  (Meecham  and  Bell  1977; 
Samaraweera et al.  1994). Alkalinity may be detrimental to plants but has little direct 
effect on soil physical properties. in alkaline soils, the levels of bicarbonate ions in the 
soil solution may be toxic to plant roots (Tang 1993). The most likely effect of alkaline 
conditions is that several essential plant nutrients change in chemical form to become less 
available to plants. Induced deficiencies of phosphorus, boron, iron, zinc, or manganese 
have all been recorded in alkaline soils but their incidence varies from one substrate to 
another with pH, organic matter levels, drainage, porosity and mineralogy (Moraghan and 
Mascagni  1991).  For example,  on the  alkaline gold ore residues in the eastern jarrah 
forest we have not observed any deficiencies of essential plant elements. Soil analysis and 
analysis of leaves from plants growing on alkaline substrate is  necessary to  diagnose 
nutrient deficiencies on alkaline substrates. 
When  Ca2+ ions  are  added  to  an alkaline  soil  or substrate,  the  carbonate  ions  are 
precipitated as  Ca salts (Cresser et al.  1993). This decreases the soil pH making it more 
favourable for plant growth. 
As discussed above a soluble source of Ca can ameliorate the effects of salinity, sodicity, 
and alkalinity.  Gypsum is  the most widely used chemical ameliorant in Australia for 
---surface  ·soil sodicity (Jayawaidane-andClian-r993) ancris alsQuse<rtodecreasethepH-or-----
alkaline mine residues. The mechanism of its action and its efficacy varies with the type 
of salt-affected land and the severity of the condition. The following discussion focuses 
on the use of gypsum as an ameliorant on salt-affected land. 
We have found that on moderately saline gold ore refining residue, gypsum was highly 
effective in stimulating growth of plants, but at higher levels of salinity its  effect was 
negligible (Samaraweera et al.  1994). 
Rates of gypsum use depend on the type of salt-affected land being treated. On highly 
alkaline bauxite refining residue, Barrow (1982) used 50 tonne gypsumlha to  lower the 
pH from 12 to  7.5. With the less alkaline gold ore refining residue, the equivalent of 30 
tonne gypsumJha is sufficient to decrease residue pH from 9.5 to 7.5 (unpublished data). 
By contrast on sodic agricultural soils, rates of gypsum used range from 2.5-5 tonne/ha 
(Jayawardane and Chan 1993).  However, according to Loveday and Bridge (1983) low 
rates of gypsum are used in broadacre agriculture for reasons of cost and that the rates of 
gypsum used to  treat sodic  soils  are  not sufficient to completely displace Na by Ca. 
Rather such rates have only a temporary effect on sodicity by raising TEC in the soil 
solution for a short period after application. Decline of Soil Physical Properties  143 
Summary 
In low rainfall areas of  Victoria (150-360 mm) as much as  1.1  tonne gypsum was leached 
per ha per year indicating that complete reliance on low rates of gypsum to  ameliorate 
sodicity would require repeated application every 2-4 years  (Greene and Ford  1985). 
Indeed the residual value of gypsum at the low rates of application may be even worse 
since in other studies the effects of adding 4 tonneslha were largely lost within 2 years 
(Blackwell et al 1991), and 10 tonnelha had little residual effect on a highly sodic soil 
(Green and Snow 1939). However, there have been no investigations of  the residual value 
of  gypsum when used at 30-85 on alkaline bauxite and gold ore residue. 
The benefits of gypsum can be increased and prolonged when it used in combination with 
a variety of other amelioration practices including  deep  tillage,  organic matter,  and 
drainage (Jayawardane and Chan 1993). 
Gypsum on its  own increases hydraulic  conductivity,  but has  little effect on  porosity 
especially macroporosity.  Thus  when the  TEC  decreases  as  gypsum is  leached,  the 
hydraulic conductivity will revert to previous values. If, however, deep tillage is carried 
out prior to gypsum application, and the gypsum is reasonably well distributed within the 
tilled layer, the  gypsum stabilises the macropores preserving high rates of hydraulic 
conductivity for longer periods (Jayawardane and Chan 1993). 
Similarly, while the use of organic matter alone was not effective in promoting stable soil 
aggregation on sodic soils, when combined with gypsum it was (Jayawardane and Chan 
1993). Thus, addition of organic materials such as poultry manure can extend the value of 
gypsum. Crop residues can also represent a major annual input of organic material which 
achieves the same end of increasing soil organic matter. Incorporation of organic matter 
into  the  soil  with  gypsum  facilitates  aggregation  and  flocculation.  The  breakdown 
products of decomposing organic matter decomposition improves the cation exchange 
capacity of  the soil which in turn decreases ESP. 
Other approaches to improve plant growth on sodic soils include the formation of shallow 
beds treated with gypsum to avoid surface waterlogging or the placement of gypsum in 
narrow slots to 20 or 40 cm depth (Jayawardane and Chan 1993). The former practise will 
find most application where surface waterlogging is a problem and the latter where sub 
soil sodicity is a major constraint. 
Gypsum  occurs  naturally  in  Western  Australia  associated  with  the  salt  lakes  in 
paleodrainage systems (Geol  Survey 1990).  Total reserves are in the order of 5.6 Mt. 
Several  of these  reserves  are  in commercial operation  (e.g.  Lakes Hillman,  Cowan, 
'vVallambin)  giving  an  annual production of 300 kt Gypsum is  also  a by product of 
superphosphate manufacture by CSBP.  The ex- supplier costs of gypsum range  from 
$7.50 to 14 per tonne depending on the fineness of  the material. 
Whilst  we  have  developed  the  case  for  the  use  of gypsum,  widespread use  is  not 
recommended without prior on-site evaluation of the likely responsiveness of soils or 
substrates to gypsum.  In the case of alkalinity the tests are relatively simple  involving 
graded additional of gypsum to the soil and testing of soil pH. In the case of salinity and 
sodicity,  tests  for  EC,  ESP  and  SAR are  available  through  a  range  of commercial 
laboratories. In addition for  sodicity there  simple  tests  for  sodic behaviour.  They are 
based on the  Emerson dispersion test (Emerson 1967).  A  simpler modification of the 
Emerson test is described in Hunt and Gilkes (1992). 
Excess levels of sodium relative to calcium are common in gold and bauxite ore refining 
residues and also in soils, overburden and saprolite materials available on mine sites in 
West Australia.  Whereas  Ca  is  beneficial  to  plants  and  improves  soil  physical and 
chemical conditions, Na generally has the opposite effect. Correcting or ameliorating salt-144  Decline of Soil Physical Properties 
affected land therefore often relies on the use of  a Ca supplement to counteract the effects 
ofNa. Gypsum is a relatively cheap, locally available soluble Ca source. 
Gypsum can decrease pH of alkaline soils and decrease  soil dispersion, and  increase 
hydraulic conductivity of sodic soils but is most effective when used in combination with 
organic matter and deep tillage. It is less effective in treatment of saline soils except if  the 
salinity is moderate or the salinity is accompanied by sodicity and alkalinity. 
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